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Epigenetic Transitions and Knotted 
Solitons in Stretched Chromatin
D. Michieletto  1, E. Orlandini2 & D. Marenduzzo1
The spreading and regulation of epigenetic marks on chromosomes is crucial to establish and maintain 
cellular identity. Nonetheless, the dynamic mechanism leading to the establishment and maintenance 
of tissue-specific, epigenetic pattern is still poorly understood. In this work we propose, and investigate 
in silico, a possible experimental strategy to illuminate the interplay between 3D chromatin structure 
and epigenetic dynamics. We consider a set-up where a reconstituted chromatin fibre is stretched at its 
two ends (e.g., by laser tweezers), while epigenetic enzymes (writers) and chromatin-binding proteins 
(readers) are flooded into the system. We show that, by tuning the stretching force and the binding 
affinity of the readers for chromatin, the fibre undergoes a sharp transition between a stretched, 
epigenetically disordered, state and a crumpled, epigenetically coherent, one. We further investigate 
the case in which a knot is tied along the chromatin fibre, and find that the knotted segment enhances 
local epigenetic order, giving rise to “epigenetic solitons” which travel and diffuse along chromatin. Our 
results point to an intriguing coupling between 3D chromatin topology and epigenetic dynamics, which 
may be investigated via single molecule experiments.
Cell-line-specific features in multi-cellular organisms are achieved by regulation of “epigenetic marks”, biochem-
ical modifications of DNA and histone octamers which do not affect the underlying genomic sequence. Thus, the 
average pattern of epigenetic marks in a given-cell line correlates well with the pattern of genes which are tran-
scriptionally active or inactive within that cell-line1–6. Dissecting the biophysical mechanisms leading to the de 
novo establishment, spreading and maintainance of epigenetic marks is consequently a key step towards a better 
understanding of the dynamic organisation of genomes and of chromosomal re-arrangement throughout the cell 
cycle7, in cellular ageing8 and pluripotency9. Notwithstanding their pivotal role, these mechanisms are still poorly 
understood10.
The epigenetic patterning of chromatin – the fibre made of DNA wrapped around histone proteins1 – has 
been shown to strongly correlate with the three-dimensional (3D) nuclear organisation of interphase chromo-
somes11–17. For instance, transcriptionally active regions can be co-localised in multi-enhancer hubs12 or tran-
scription factories18, whereas transcriptionally inactive regions may form large heterochromatic foci19, mega-base 
(Mb) size lamin-associated domains20 or Barr21 and Polycomb bodies22. This intimate connection is also further 
supported by mean replication timing data23–29.
On the other hand, it is important to realise that the establishment of epigenetic patterns is fundamentally a 
dynamic process, where biochemical tags are constantly deposited, removed and degraded on histones, which can 
themselves be displaced during transcription or replaced after replication6,30–33. For this reason, simple models 
where epigenetic marks are stably deposited along chromatin11,13–15,34,35 are only crude approximations of a much 
more complex and dynamic scenario. Crucially, these “static” models fail to address key questions such as, how 
epigenetic patterns are first established along chromosomes, and how these change, for instance, with cellular 
ageing8 or during disruptive events in the cell cycle31. In addition, an understanding of cell-to-cell variability in 
genome organisation36,37 and of efficiency of the induced-pluripotency pathway38 may be achieved only through 
models which can take into account the plasticity of the epigenetic landscape.
In recent years, wide-spread technological advances in the field of molecular biology allowed the biophysical 
community to identify some of the key players in the dynamics of epigenetic patterning5,8,31,39. At the heart of 
this process are proteins which can “read” and “write” biochemical tags along chromatin6,31,40. Importantly, some 
of these proteins are found in the same complex31 or are known to directly recruit one another41. For instance, 
the heterochromatin binding protein HP1 (a reader) possesses a chromodomain recognising tri-methylation of 
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Lysine 9 on histone 3 (H3K9me3)42–44; at the same time, it can recruit the methyltransferase complex SUV39H131 
(a writer), therefore engaging a positive feedback loop which self-perpetuates this repressive mark41,45,46.
Computational models of this positive feedback loop in 1D47,48, have shown that accounting for long-range 
contacts is necessary to allow spreading of repressive marks. On the other hand, 3D models coupling epigenetic 
and chromatin dynamics49 have shown that spreading of silencing marks on a mobile 3D fibre can be viewed as an 
“all-or-none” transition, where a local fluctuation triggers an epigenetic wave of repressive marks which stabilises 
a compact globular state49.
Existing experimental and computational studies suggest that the feedback between 3D chromatin structure 
and epigenetic dynamics along the chromosome may be a key potential mechanism underlying the establishment 
of epigenetic patterns which can display memory of their landscape. However, direct experimental observations 
of dynamical epigenetic and chromatin conformational changes in the nucleus are largely missing, in view of the 
difficulty to achieve enough spatio-temporal resolution in vivo. In light of this, here we propose, and investigate 
in silico, a novel avenue to directly observe the coupling between epigenetic dynamics and 3D chromatin folding.
The system we consider can be recreated in vitro via single-molecule experiments: it is inspired both by 
experiments studying the stretching of reconstituted chromatin50–52, and by investigations of protein-DNA and 
protein-chromatin interactions in vitro53,54. Specifically, we envisage a set-up where reconstituted chromatin is 
attached at both ends to macroscopic beads so as to exert stretching forces on the strand via optical or magnetic 
tweezers50,52, Further, we imagine that the chromatin fibre is embedded in a solution where reader and writer pro-
teins are added and activated. In practice, one may achieve this by including “readers” such as heterochromatin 
HP1 proteins55 (which are known to be multivalent, hence act as bridges which fold chromatin), and “writers” 
such as SUV39H131. These proteins can respectively read and write the repressive H3K9me3 mark41,55. An alterna-
tive option is to use Polycomb PRC complexes and Enhancer-of-zeste (E(z)) proteins which are respectively able 
to bind and deposit the H3K27me3 mark on histones31,39,56–58.
Our results show that by tuning the strength of the external stretching force f and the binding affinity of reader 
proteins ε, the system can display either a stretched, epigenetically disordered, state (SD) or a compact, epigeneti-
cally ordered, one (CO). The two regimes are separated by an abrupt transition line which we quantitatively locate 
in the (f,ε) parameter space. We further show that when knots are tied along the chromatin, these can readily be 
identified by looking at the local order of epigenetic patterning. We argue that the topology of the knots localise 
and enhance 3D chromatin interactions, thereby “protecting” the epigenetically ordered region, which remains 
localised within the knotted arc. We dub these novel and remarkable states “epigenetic knotted solitons”.
We finally envisage that our findings will inform the design of novel single-molecule experiments in vitro and 
illuminate the interplay between epigenetic dynamics and chromatin topology in vivo.
Chromatin Model and Experimental Set-up. We model the chromatin as a “recolourable” bead-spring 
polymer (for further details see Methods). Each bead has a size σ – for definiteness, we take 3σ =  kb or 30 nm59–
61, but our results do not depend on this precise choice – and it bears a “colour” representing a specific biochemi-
cal tag (see Fig. 1). For instance, one may think of blue beads as representing chromatin regions with an excess of 
heterochromatin mark, H3K9me3, and red beads as ones with excess of Polycomb mark, H3K27me3. We further 
include grey beads which represent unmarked regions of chromatin. For simplicity, in this work we consider only 
these three colours, in agreement with the generic experimental observation that few histone marks  are sufficient 
to well capture the overall epigenetic landscape in several organisms28,34,62–65.
Beads interact through a Weeks-Chandler-Andersen potential, which strongly suppresses any overlap between 
beads. This interaction is further modified to account for attractive interactions (with affinity ε) between beads 
bearing the same colour. This effectively mimics the action of reading proteins, or “bridges”, which can bring 
together distant chromatin segments bearing the same epigenetic mark. Unmarked (grey) or differently marked 
beads are therefore considered to be solely sterically interacting. The truncated Lennard-Jones (LJ) potential can 
be written as a function of distance x between, and the colour q of, the interacting beads a and b as follows

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q qa b is the cut-off distance between beads a and b with colors qa and qb respectively. This potential is a 
computationally efficient way to model repulsive and attractive interactions between beads. Specifically, it can 
display an attractive (negative) region by setting the cut-off larger than the minimum of the potential or can yield 
pure repulsion otherwise. In practice, we use the knowledge of the colours qa and qb to define a colour-dependent 
cut-off as
σ
σ
=





. = ≠
≠ = = .
x
q q
q q q q
1 8 if 0
2 if or 0 or 0c
q q a b
a b a b
1/6
a b
The shift (last two terms in eq. (1)) ensure that there is no discontinuity in the potential. The binding affinity 
abε ε=  when q q 0a b= ≠  and is a free parameter of our model, otherwise k Tab B Lε =  when ≠q qa b or one of the 
two is unmarked.
The “recolouring” process is modelled via a Monte Carlo procedure which occurs at an inverse rate of 
τ τ= =−k 10 10R R Br
1 3
  s (see Materials and Methods). Every time a bead (a) is selected for a recolouring attempt, 
its colour is randomly changed into one of the two remaining colours and the new energy is computed. Because 
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the only colour-dependent potential employed in the simulations is the one written in Eq. (1), the difference in 
energy is given by
∑∆ = .U U x( )
(2)b
LJ
ab
The recolouring attempt is then accepted with a Metropolis probability
=
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where TR is a generic temperature that can, in principle, be tuned according to the efficiency of the writing 
process and is therefore independent on the solution temperature TL, which regulates the stochastic dynamics of 
the beads in 3D49 (see Materials and Methods). The recolouring process and the motion of the chromatin in 3D 
are engaged in a positive feedback loop: beads that are near each other in space are more likely to become equally 
coloured and beads bearing the same colour are more likely to stick together. Thus, both species (red and blue) 
compete over the chromatin strand in a similar way that “up” and “down” spins compete over a mobile string, or 
a “magnetic polymer”66.
Here, we study the behaviour of the system upon tuning the stretching force f and the attraction strength ε, 
since this protocol may be realised in vitro by using reconstituted chromatin50,52, and proteins such as HP1 and 
SUV39H145,46, as previously mentioned. For simplicity, we limit to the case T TL R=  which ensures that the epige-
netic read-write mechanism and the chromatin folding are governed by transition rules between different micro-
states that obey detailed balance and that can be described in terms of an effective free energy. Considering 
out-of-equilibrium conditions49 leads to transitions between states with similar epigenetic patterns, i.e. from 
swollen ordered (or disordered) to compact ordered (or disordered), which can be understood as the homopoly-
mer (or heteropolymer) limit of our system. Because these transitions do not shed light onto the interplay 
between epigenetics and chromatin conformations, we here decide not to pursue them.
In order to quantify the behaviour of the system we perform Brownian Dynamics simulations for a typical 
runtime of 5 106τBr – corresponding to 1000 τR, or Monte Carlo sweeps – of a chain =L 1000 3 Mb beads long 
(if not specified otherwise). Although chromatin has not yet been reconstituted to such a length, the trends we 
uncover are generic and also hold for smaller values of L.
Figure 1. Model and set-up. (A) Chromatin is modelled as a coarse-grained “recolourable” bead-spring 
polymer; each bead represents few nucleosomes and it is coloured either red, blue or grey (unmarked bead). We 
implicitly model reader and writer proteins interacting with chromatin: the former allow polymer folding by 
bridging between segments bearing the same colour, the latter deposit new marks on nucleosomes and allow 
beads to change colour. (B) As red/blue marks are deposited on beads, respective reader proteins can bind to 
them; in turn, they recruit writer proteins, which deposit new red/blue marks. This mutual recruitment triggers 
a positive feedback loop. (C) Reader and writer proteins for red and blue marks compete over the same 
chromatin segments thereby generating dynamic epigenetic marking. (D) Experimental set-up: macroscopic 
beads (green) are attached at both chromatin ends and allow the strand to be stretched by external tweezers with 
force f50,52. Starting from a configuration in equilibrium with the external force and with no proteins in solution, 
the system is flooded with reader/writer proteins thereby triggering the competition between red and blue 
marks (in the model, this is effectively done by allowing attractive interactions between chromatin segments). 
The system may eventually evolve towards an equilibrium state where chromatin is compact and only one 
epigenetic mark dominates (ε ε> f( )c , shown in the figure), or towards one where chromatin is stretched and no 
coherent mark is established (ε ε< f( )c , not shown).
www.nature.com/scientificreports/
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Results
Epigenetic and Conformational Transitions of Stretched Chromatin. We initialise the systems by 
assuming that no reader or writer protein is present at t 0<  and by letting the chromatin equilibrate while subject 
to the stretching force f and in a bath at temperature TL. In practice, we do this by lowering the cut-off for the 
Weeks-Chandler-Andersen potential written in Eq. (1) to 21/6σ for any pair of beads so that the interactions 
between beads are purely repulsive.
At time t 0=  the system is flooded with reader and writer proteins which can bridge beads with the same 
epigenetic mark (i.e., colour) and to attempt recolouring of the beads (i.e., writing) at a rate R
1τ− . To visualise the 
epigenetic evolution of the system, in Fig. 2A,B we report typical “kymographs”, which show the colour (q) of each 
bead along the polymer at a given time t. Kymographs readily capture the epigenetic “ordering” of the chromatin 
strand as a function of time for a specific choice of ε and f. These two latter quantities are the main free parameters 
of the system: the stretching force f can be controlled in vitro through either optical or magnetic tweezers, while 
the binding affinity between readers and epigenetic marks may be varied by considering mutants of bridging 
proteins such as HP145,55.
In order to further quantify the behaviour of the system in parameter space, we systematically vary f and ε and 
quantify the equilibrium states by measuring the values of the absolute “epigenetic magnetisation”
m n n
L (4)
red blue≡
−
and of the average chromatin extension via its radius of gyration
r rR
L
1 [ ] ,
(5)g i
L
i
2
0
CM
2∑= −
=
where ri and rCM are the positions of segment i and of the centre of mass of the chain, respectively. In order to 
construct an equilibrium phase diagram of the system, we estimate the average R Rg g
2 1/2〈 〉 ≡ 〈 〉  and m〈 〉, first by 
time-averaging over a trajectory at steady state and then averaging the results across several trajectories. By meas-
uring these two observables for different choices of ε and f we report the phase diagram shown Fig. 2C. One can 
Figure 2. Epigenetically-Driven Phase Transition in Stretched Chromatin. At time =t 0 the chromatin 
fibre =L 1000 beads long is in equilibrium, under a given stretching force f. The system is then 
instantaneously flooded with (implicitly modelled) reader and writer proteins, and the attractive 
interaction between same-coloured beads turned on. (A,B) The evolution of the system as a function of 
time can be visualised through “kymographs” which show the colour (q) of each chromatin segment 
(y-axis) as a function of time (x-axis). Depending on the choice of parameters ε and f, the system may 
display (A) stretched-“epigenetically disordered” (SD) states or (B) compact-“epigenetically ordered” (CO) 
ones. From the kymographs, one can also appreciate the nucleation and spreading dynamics of epigenetic 
marks. (C) The phase diagram of the system in the parameter space f( , )ε  displays two regions with 
compact-ordered (CO, yellow shaded) and stretched-disordered (SD, green shaded) equilibrium states. 
The regions are separated by an abrupt transition line εf ( )c . Data-points corresponding to performed 
simulations are also shown. (D,E) Show the force dependent of the mean radius of gyration 〈 〉Rg  and the 
mean absolute magnetisation 〈 〉m  for a fixed value of ε (error bars represent standard deviations). Both 
profiles display an abrupt transition when the critical line f ( )c ε  is crossed. Intriguingly, the absolute 
magnetisation decreases as →f 0, which can be understood in terms of multiple nucleation points that 
trigger meta-stable multi-domain states (see below and Materials and Methods). Because these are meta-
stable states, the corresponding averages are performed out-of-equilibrium over the last 2 105τBr timesteps. 
Data-points for ε = k T2 B L and near the transition line have been obtained by averaging over 64 
independent replicas. The grey rectangle in (C) highlights the region considered for the profiles reported 
in panels (D,E). Mapping to real units of measure are also shown. See also supplementary Movies.
www.nature.com/scientificreports/
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readily notice that the typical equilibrium configurations can be grouped into two distinct phases: one is compact 
and epigenetically ordered (CO), i.e. with
σ〈 〉 ∼ 〈 〉 >R L m, 0 (6)g
1/3
whereas the other is stretched and epigenetically disordered (SD), i.e. with
R L m, 0 (7)g σ〈 〉 ∼ 〈 〉 .
These two regimes are separated by a transition line and one can readily appreciate from the profiles of 〈 〉Rg  
and 〈 〉m  (Fig. 2D,E) that this transition is abrupt. In the limit of stretching forces →f 0, we retrieve the first-order 
transition observed in ref.49 for un-stretched chromatin. When larger stretching forces are applied, the system 
therefore displays a force-dependent critical line ε f( )c  (or f ( )c ε ) which retains the first-order-like features 
observed at =f 0.
Within the CO region, there is a parameter range where a multi-domain epigenetic structure emerges 
dynamically. This can be readily seen from the profile of the epigenetic magnetisation m〈 〉 in Fig. 2E: near 
the transition line (from the compact ordered side) this quantity displays a sharp peak which then decreases 
for smaller values of the force. In the region labelled as “multi” in Fig. 2E, the magnetisation is lower than 
unity because multiple macroscopic ordered regions populated by different epigenetic marks compete with 
one another, thereby lowering the overall magnetisation. These domains must be metastable (though 
long-lived) as in steady state a single domain is preferred since it removes domain walls, which have a free 
energy cost. The existence of multi-domain patterns arises because, at stretching forces far from critical 
εf ( )c , there may be multiple nucleation points along the fibre for the spreading of epigenetic marks. These 
nucleation points are generated by a local increase in chromatin density, for instance through the transient 
formation of loops and 3D interactions, which then trigger local spreading of different epigenetic marks (see 
Fig. 3). As the stretching force gets closer to the critical value f ( )c ε , the nucleation probability declines, 
hence only one epigenetic mark is able to take over the whole chromatin strand, thereby enhancing its over-
all epigenetic magnetisation.
It is useful to compare the epigenetic transition between the CO and the SD state in Fig. 2 with the equi-
librium transition between a compact and a stretched state which can be observed in a stretched homopol-
ymer with self-attractive interactions (i.e., in a poor solvent). While the transition is first order in the 
homopolymer case as well67,68, here the epigenetic degrees of freedom increase the entropy of the disordered 
phase, thereby the value of the critical force, for a given ε, is lower. Another key difference is that multi-pearl 
structures are only observed transiently close to the transition for the homopolymer case67, whereas in the 
Figure 3. Epigenetic Domains and Boundary Diffusion. (A,B) These panels show kymographs of systems 
displaying long-lived multi-domain states. Although these are not stable (i.e., free-energy minimising) states, 
they evolve on time-scales much longer than the simulations (or experiment) runtime. Zoomed in regions 
displayed at the top of each kymograph pinpoint the dynamics of boundaries between epigenetic domains. 
(C,D) These panels show typical mean-squared displacements of the boundaries x t( )2δ  obtained from the 
kymographs and for a given ε. Curves are coloured corresponding to the indicated applied stretching force f.  
(E) Typical snapshot of the system whose kymograph is reported in (B), i.e. ε = k T4 B L and σ=f k T5 /B L . (F) Plot 
of the diffusion coefficient D extracted from x t( )2δ . Data-points are grouped into symbols corresponding to 
equal stretching force f (in units of σk T /B L ) and plotted as a function of ε in a log-linear plot to highlight the 
exponential decay. Coloured symbols correspond to the combinations of f and ε exemplified in (C) and (D). 
Units of measure mapped to real length- and time-scales are shown. See also Supplementary movies.
www.nature.com/scientificreports/
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epigenetic case multi-domain states arise far from the transition, and they are long-lived. Both these dif-
ferences should be experimentally detectable, as the homopolymer case may be recreated by reconstituting 
chromatin fibres with histone octamers with controlled biochemical tags or in the presence of linker his-
tones (H1), while avoiding the action of writers.
Long-Lived Epigenetic Domains and Boundary Diffusion. The competition of epigenetic marks over 
a chromatin segment is a phenomenon relevant to many biological systems. For example, genes that are posi-
tioned near telomeres may switch between transcriptionally active and silenced states from one generation to 
the next69. This phenomenon, generally referred to as “telomeric position effect”, is particularly relevant in yeast69 
but it has also been observed in human cells70. It occurs because heterochromatin marks largely populating the 
telomeric gene-poor regions of the genome invade gene-rich stretches of chromatin, effectively switching off gene 
transcription.
In our proposed single molecule set-up, the emergence of multiple competing epigenetic domains in reconsti-
tuted chromatin under (small) tension allows a quantitative study of stability and diffusive dynamics of bounda-
ries between neighbouring epigenetic domains, processes which may be relevant to understand the mechanisms 
underlying competition and spreading of epigenetic marks in vivo.
In practice, an epigenetic domain in the stretched chromatin fibre is defined as a macroscopic region (e.g., 
consisting of w 50≥  beads) over which more than 90%θ =  of the beads are homogeneously coloured. A bound-
ary between domains is found if the beads on either side of the boundary have opposite colours (i.e., red and blue) 
and the signed magnetisation difference m∆∼ of the left and right domain is such that θ∆ >∼m 2  (i.e. the domains 
have opposite signed magnetisation).
By tracking the position of the domain boundaries over time, one can measure their mean square displacement
∫δ = − + −
−
x t
T t
x t t x t dt( ) 1 [ ( ) ( )] (8)
T t2
0
0 0
2
0
where x t( ) is the position of a given boundary at time t and T the total measurement time. Plots of x t( )2δ  for dif-
ferent replicas and two choices of interaction energies ε are reported in Fig. 3C,D. Data points are grouped 
according to the applied stretching force f, showing that the dependence on f is much weaker compared to that on 
ε. We extract the diffusion coefficient D as the long time behaviour of x t( )2δ , i.e.
δ
=
→∞
D x t
t
lim ( )
2
, (9)t
2
which is reported in Fig. 3F and shows an exponential decay of D as a function of ε.
In our stretched chromatin assay, the diffusive dynamics of epigenetic boundaries is therefore mainly con-
trolled by the strength of the attractive interactions between beads bearing the same epigenetic mark. In vivo, 
another possible important factors affecting diffusivity of epigenetic boundaries may be the presence of insulators 
and architectural proteins such as CTCF and cohesins1,53,54. These features may be included in future studies 
focused on understanding the actions of these architectural elements.
Epigenetic Knotted Solitons. The abrupt, first order, phase transition between the compact-ordered and 
the stretched-disordered state shown in Fig. 2 is here due to the coupling between global 3D structure and 1D 
epigenetic dynamics49, which gives rise to a positive feedback loop where compaction aids spreading, which leads 
to further crumpling at small enough f, or sufficiently large ε.
It is interesting to ask whether one may design an experimentally realisable situation whereby this positive 
feedback is only realised locally, rather than globally as done in ref.49. To do so, we consider a knotted chromatin 
fibre: the idea behind this construct is that a polymeric knot tightly localises upon stretching71,72, and that the 
knotted region is more compact, thereby providing a natural nucleation point for epigenetic ordering. In the sin-
gle molecule experiment set-up we consider (Fig. 2), a physical knot may be tied within chromatin by using, for 
instance, micro-manipulating techniques used to generate knots on DNA73–75. Alternatively, a knotted chromatin 
fibre may be self-assembled by first knotting the naked DNA strand, and later allowing nucleosome formation by 
adding histone octamers to the solution76.
In Fig. 4A,B we show the kymograph for a chromatin strand along which a figure-of-eight (41) knot is tied. As 
one can see, even though we choose values of ε and f so that the system is in the stretched-disordered region of the 
phase diagram (see Fig. 2), the kymograph clearly displays a localised epigenetically ordered region. To confirm 
whether this region corresponds to the knotted arc, tightened upon stretching and self-attraction, we pinpoint 
and monitor the time evolution of the knotted region by resorting to a top-down search of the smallest portion 
of chromatin that yields, upon suitable closure, a ring with the same topology of the whole chain77. Remarkably, 
the knotted portion found with this well-established algorithm perfectly matches the epigenetic domain in the 
kymograph (black lines in Fig. 4 identify the boundary of the knotted arc, see also Methods).
We call this remarkable configuration an “epigenetic knotted soliton”, because, as a soliton, it travels along 
the fibre by keeping near-constant shape, hence displaying particle-like behaviour. Similarly to solitons recently 
observed in meta-materials78 and minimal surfaces79, it is the non-trivial topology of the localised knot which 
keeps the structure together. The epigenetic state of the knotted soliton can “switch” from red to blue, or vice 
versa – switching events occur, in Fig. 4, at about 2 105τBr and 3.5 105τBr). Switching between the two stable states 
is observed because the soliton has a finite size, hence the effective free energy barrier separating the red and blue 
states can be occasionally overtaken by fluctuations.
www.nature.com/scientificreports/
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The physical properties of the soliton are tunable: for instance, by increasing the stretching force the knot 
tightens and becomes more compact, so that the soliton shrinks in size but becomes more stable due to the 
increase of 3D interactions which locally “protect” the epigenetically ordered state. By increasing values of ε, such 
that the system remains overall disordered (ε ε< f( )c ) the switching rate decreases (i.e., the epigenetic ordering is 
more robust, see Fig. 4D) – the diffusion coefficient, however, does not depend on ε appreciably (unlike for the 
case of epigenetic domains, see Fig. 3E,F). It would be of interest to quantify how the soliton diffusion coefficient 
depends on knot type, and whether, as in knots in swollen polymers, twist knots and more complex knots are less 
mobile74,80–82.
For values of ε ε> f( )c , we observe the same SD-CO phase transition reported in Fig. 2, where the localised 
knot now acts as a nucleation point for the spreading of its epigenetic mark.
Finally, we investigate how knotted solitons interact on a chromatin strand. We consider a system where two 
knots, a pentafoil 51 and a trefoil 31, are initially tied along the chromatin. As the system evolves each knot forms 
its independent epigenetic soliton. As shown by the kymographs in Fig. 5A–D, both solitons diffuse along the 
chain74; they also interact and may merge to form a single domain, and later on split again (Fig. 5A), or even 
cross each other83 (Fig. 5D). Following every collision or interaction, each soliton retains its overall structure and 
re-establishes its locally coherent epigenetic mark.
Discussion and Conclusions
In several areas of chromosome biology, researchers assume the existence of a tight coupling between 3D chro-
matin structure and epigenetic dynamics, as this coupling provides an appealing mechanism for the de novo 
establishement and maintainance of epigenetic patterns47,49,55,56,58. However, as both epigenetic spreading and 
chromatin dynamics may occur on comparable and relatively fast timescales in vivo (minutes to hours31,84), it 
Figure 4. Epigenetic knotted solitons. (A) Kymograph corresponding to simulations initiated with a knotted 
chromatin fibre in equilibrium, with f k T1 25 /B L σ= . . At time =t 0 the system is flooded with reader and writer 
proteins having binding affinity k TB Lε = . The chromatin contains a figure-of-eight (41) knot80, whose escape 
from the fibre is avoided by the macroscopic beads at the terminal ends. Superimposed on the kymograph, we 
also show the boundaries of the knot computed from the 3D polymer configurations through the knot 
identification algorithm described in ref.77 (black lines). Intriguingly, from this plot one can immediately realise 
that the knotted portion of the chain can be identified with the epigenetically ordered region, i.e. the chromatin 
segment where the beads are homogeneously coloured. (B) Snapshot of the chromatin fibre at the time-step 
highlighted in the kymograph. (C) Analysis of the knotted soliton for different system replicas. In the main 
panel we show the time-averaged magnetisation m x( ) at position ε relative to the centre of the knot (see 
Materials and Methods); this displays a localised increase which we identify as an “epigenetic soliton”. In the 
inset we show the probability of observing a knotted arc of length l through the knot identification algorithm 
of ref.77. As one can notice, the length of the epigenetically ordered region and that of the knotted arc are in 
near-perfect agreement. This strongly suggests that the localised knotted segment leads to the local coherency in 
the epigenetic marks. (D) Increased affinity ε leads to slower switching times: here the epigenetic soliton never 
changes state during a 10 times longer simulation. (E,F) The measured mean squared displacement δ x t( )2   and 
diffusion coefficients D of the knotted solitons are shown to be insensitive to the interaction strength ε. Here 
we consider a chromatin fibre with =L 200 beads. See also Supplementary Movies.
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is extremely difficult to design an experiment to demonstrate this coupling dynamically inside the cell. Here, 
instead, we proposed, and investigated in silico, a set-up for an experiment to test and quantify the coupling 
directly in vitro. The set-up involves a reconstituted chromatin fibre50,52, which is stretched (e.g., by laser tweezers) 
and interacts with an ensemble of reader and writer proteins – such as heterochromatin HP1 and  SUV39H1 
complexes45,55, or polycomb56,58, enzymes able to bind to and deposit their respective marks.
We showed that by varying, for instance, the stretching force, one can trigger a phase transition between 
a compact-ordered phase, where a single epigenetic mark invades the whole chromatin fibre, and a 
stretched-disordered phase, where no single mark can take over the system. It is important that this transition 
may be observed by varying only the stretching force, as this is simpler to fine tune continuously in vitro with 
respect to temperature (which can inactivate readers or writers altogether) and effective self-attraction between 
chromatin segments (which may be achieved through the use of mutant reader proteins).
By using single-molecule imaging53,54,85, or super-resolution techniques86 one may envisage to employ anti-
bodies recognising H3K9me3 and H3K27me3 marks  to separately stain the marks and thereby discriminate 
between an epigenetically ordered and an epigenetically disordered state. In principle, one may even be able 
to observe the transition from one to the other by increasing the stretching force in the single molecule assay. 
Another possibility to assess the degree of epigenetic order is to use single-cell chromatin immunoprecipitation87 
(ChIP) on the reconstituted chromatin, to quantify histone modifications along the fibres. Note that, for this 
approach to be viable, one would have to use genomic DNA to reconstitute chromatin (rather than repeating, 
such as 601, sequences), so that locations along the DNA can be mapped uniquely. Therefore, whilst an experi-
mental investigation of the compact-ordered to stretched-disordered transition is certainly challenging, and will 
require state-of-the-art experimental techniques, it is in principle feasible, and would constitute the first direct 
measurement of the so far elusive coupling between chromatin structure and epigenetic dynamics. A more exper-
imentally accessible insight (although less informative regarding the epigenetic state of the system) may also be 
achieved via optical-tweezers by measuring force-extension curves50,52,88. These can discriminate between a (par-
tially) collapsed and a stretched coil88, while cannot determine whether the chromatin is epigenetically ordered 
or disordered. On the other hand, the typical force-extension curves obtained with this set-up may display sensi-
tivity on the concentration or efficiency of epigenetic readers and writers thereby offering indirect quantification 
of the recolouring process.
By tying a knot along the reconstituted chromatin fibre we observed that the system can harbour a novel 
structure, an “epigenetically knotted soliton” (see Figs 4, 5 and 6). This is a tight knot which is locally ordered 
Figure 5. Interacting Solitons. The kymographs display reflecting (A) or cross-through83 (D) interactions 
between epigenetic knotted solitons. Panels (B,C) and (E,F) show typical situations where knots can form a 
unique composite knot or form independent domains. Here the chromatin strand has length =L 400 beads.
Figure 6. Epigenetics and 3D topology. This figure intuitively shows the reason behind the formation of a 
stable epigenetic domain within the knotted chromatin segment: the local 3D topology of a knot “protects” 
the underlying epigenetic information by enhancing local 3D interactions (B). On the contrary, an unknotted 
stretched segment lacks long-range interactions required to sustain epigenetic coherency (A).
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epigenetically and diffuses freely, within an epigenetically disordered background. The size of the soliton is tun-
able by varying the stretching force applied to the chromatin fibre, and different solitons interact in a variety of 
ways: they may bounce off one another or cross through each other when they collide. We also expect similar 
topological solitons to be universally found in knotted magnetic polymer, a new kind of topological soft matter 
which has not yet been realised experimentally66.
The findings we have reported here may also be employed to detect knots in chromatin strands. Starting from 
an ordered and crumpled state (such as heterochromatin1), one may imagine to apply and continuously increase 
an external stretching force f and monitor the evolution of the system; whereas ordered unknotted regions will 
undergo an abrupt phase transition and become epigenetically disordered (see phase diagram in Fig. 2), knotted 
chromatin will instead preserve a localised epigenetically ordered region that can be identified with the knotted 
segment (Fig. 4).
Besides all this, the epigenetic solitons provide another observable consequence of the dynamic coupling 
between 3D chromatin structure and epigenetics which can be tested in future single-molecule experiments.
Methods
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
Chromatin Model. Chromatin is modelled as a bead-spring polymer chain89 where each bead has nominal 
size σ. Attractive and repulsive interactions are controlled by the potential described in the main text (Eq. (1)) and 
plotted in Fig. S1. This is a truncated-and-shifted Lennard-Jones potential which is broadly used in Molecular 
Dynamics90 to model short-ranged interactions. We include a colour-dependence in order to model like-colour 
attraction and different-colour repulsion as described in Eq. (1) and shown in Fig. S1. Harmonic springs between 
beads a and b are imposed as U x k T x x( ) ( ) ( ) /2H
ab
b a b a B L, 1 , 1 0
2δ δ κ= + −+ −  with σ= .x 1 10  and k T100 B Lκ =  to 
ensure the connectivity of the backbone. The chain stiffness is regulated by a Kratky-Porod potential between 
triplets of beads forming an angle θ = ⋅t t t t( )/( )a b a b  where f is the vector joining beads a and a 1+  as 
θ δ δ θ σ= + ++ −U k T l( ) ( ) (1 cos )/KP
ab
b a b a B L p, 1 , 1  with l 3p σ= . The total potential U x( )
a  experienced by each bead 
is given by the sum over all the possible interacting pairs and triplets, i.e.
∑= + + .U x U x U x U x( ) [ ( ) ( ) ( )]
(10)
a
b
LJ
ab
H
ab
KP
ab
The dynamics of each bead therefore obeys the Langevin equation
r rmd
dt
d
dt
U x t( ) ( )
(11)
a a a a
2
2 γ ξ= − − ∇ +
where 1γ =  (in dimensionless LJ units) is a friction coefficient and ξ t( )a  is stochastic delta-correlated noise which 
obeys the fluctuation dissipation relationship ξ ξ γ δ δ δ〈 ′ 〉 = − ′α β αβt t k T t t( ) ( ) 2 ( )a b B L ab, ,  where the Latin indexes 
run over particles and Greek indexes over Cartesian components. The mass of the beads are taken to be unity in 
the dimensionless Lennard-Jones units90. The beads employed at the ends of the chromatin are five times larger 
than the beads forming the polymer and have the same mass. In order to simulate the stretching of the chromatin, 
we directly apply a force f on these beads. Finally, Eq. (11) is integrated with a velocity-Verlet scheme within the 
LAMMPS91 engine.
Simulations units can be mapped to real ones by considering that the polymer beads can coarse-grain groups 
of nucleosomes. The nominal size of the beads can is here considered to be 30 nm, as capturing the thickness of 
reconstituted chromatin fibre50,59–61. The typical timescales over which each bead diffuses its own size is therefore
τ σ πησ= = .
D k T
3 0 01s ,
(12)Br B L
2
self
3
where we used the Einstein relation D k T /3B Lself πησ=  and we considered cP150η =  as the effective viscosity.
The recolouring process occurs at inverse rate 10R Br
3τ τ= . In each attempt, a bead is selected at random and a 
colour change is proposed; the move is then accepted if satisfying the Metropolis criterion as described in the text. 
In other words, on average, all beads will have been attempted to change their colour every 10R Br
3τ τ=  steps.
For simplicity, we model reader and writer proteins implicitly. This is effectively done by setting attractive 
pair-wise interactions between beads bearing the same colour and by assuming a uniform selection probability 
during the recolouring attempts. In other words, the physical proximity of reader and writers is not required for 
bridging segments and changing the beads colour. This model is therefore a good approximation for the case in 
which reader and writer proteins saturate the solution. On the other hand, lowering the concentration of reader 
and writer proteins would effectively slow down the kinetics towards the equilibrium state: this situation is more 
complicated and we defer it to future studies.
Knotted Soliton. To test the stability of the knotted soliton we consider the time-averaged degree of epige-
netic coherence m x( ) at position x relative to the centre of knotted arc, c . This can be defined as
m x m l t l c x dt( ) 1 ( , ) ( ( )) ,
(13)1
1
∫τ δ= ∆ − +τ
τ τ+ ∆

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where τ∆  is the typical time between epigenetic “switching”, where the magnetisation of the whole knot 
changes sign (such as the one occurring in Fig. 4 at about 2 105τBr and 3.5 105τBr) and m l t( , ) is the magnetisation 
at position l and time t. In Fig. 4C we report m x( ) for three system replicas and compare it with the distribution of 
knot sizes obtained from the 3D polymer configurations (inset). As one can notice, the length of the ordered 
domain agrees with the length of the knotted arc. Further, the shape of the magnetisation profile m x( ) displays a 
broad peak, which is characteristic of soliton-type solutions.
References
 1. Alberts, B., Johnson, A., Lewis, J., Morgan, D. & Raff, M. Molecular Biology of the Cell, Taylor & Francis (2014).
 2. Waddington, C. H. Torwards a Theoretical Biology. Nature 218(11), 639–640 (1968).
 3. Waddington, C. H. Canalization of Development and the Inheritance of Acquired Characters. Nature 150(3811), 563–565 (1942).
 4. Turner, B. M. Cellular memory and the histone code. Cell 111(3), 285–291 (2002).
 5. Henikoff, S. & Greally, J. M. Epigenetics, cellular memory and gene regulation. Curr. Biol. 26(14), R644–R648 (2016).
 6. Zhang, T., Cooper, S. & Brockdorff, N. The interplay of histone modiffcations - writers that read. EMBO Rep 16(11), 1467–1481 
(2015).
 7. Naumova, N., Imakaev, M., Fudenberg, G., Zhan, Y., Lajoie, B. R., Mirny, L. A. & Dekker, J. Organization of the mitotic chromosome. 
Science (80-.) 342(6161), 948–53 (2013).
 8. Pal, S. & Tyler, J. Epigenetics and aging. Sci. Adv. 2(e1600584), 253–254 (2016).
 9. Yamanaka, S. & Blau, H. M. Nuclear reprogramming to a pluripotent state by three approaches. Nature 465(7299), 704–12 (2010).
 10. Cortini, R. et al. The physics of epigenetics. Rev. Mod. Phys. 88(June), 1–31 (2016).
 11. Rao, S. S. P. et al. A 3D map of the human genome at kilobase resolution reveals principles of chromatin looping. Cell 159(7), 
1665–1680 (2014).
 12. Beagrie, R. A. et al. Complex multi-enhancer contacts captured by genome architecture mapping. Nature 543(7646), 519–524 
(2017).
 13. Barbieri, M. et al. Complexity of chromatin folding is captured by the strings and binders switch model. Proc. Natl. Acad. Sci. USA 
109(40), 16173–8 (2012).
 14. Brackley, C. A. et al. Simulating topological domains in human chromosomes with a fitting-free model. Nucleus 7(5), 453–461 
(2016).
 15. Jost, D. Bifurcation in epigenetics: Implications in development, proliferation, and diseases. Phys. Rev. E 89(1), 1–5 (2014).
 16. Dixon, J. R. et al. Topological domains in mammalian genomes identified by analysis of chromatin interactions. Nature 485(7398), 
376–380 (2012).
 17. Brackley, C. A., Johnson, J., Kelly, S., Cook, P. R. & Marenduzzo, D. Simulated binding of transcription factors to active and inactive 
regions folds human chromosomes into loops, rosettes and topological domains. Nucleic Acids Res. (2016).
 18. Cook, P. Principles of Nuclear Structure and Function, Wiley, (2001)
 19. Gilbert, N., Gilchrist, S. & Bickmore, W. a. Chromatin Organization in the Mammalian Nucleus. Int. Rev. Cytol. 242, 283–336 
(2004).
 20. Guelen, L. et al. Domain organization of human chromosomes revealed by mapping of nuclear lamina interactions. Nature 
453(7197), 948–51 (2008).
 21. Pinter, S. F. et al. Spreading of X chromosome inactivation via a hierarchy of defined Polycomb stations. Genome Res. 22, 1864–1876 
(2012).
 22. Wani, A. H. et al. Chromatin topology is coupled to Polycomb group protein subnuclear organization. Nat. Commun. 7, 10291 
(2016).
 23. Yaffe, E. et al. Comparative analysis of DNA replication timing reveals conserved large-scale chromosomal architecture. PLoS Genet. 
6(7), 1–12 (2010).
 24. Baker, A. et al. Replication fork polarity gradients revealed by megabase-sized U-shaped replication timing domains in human cell 
lines. PLoS Comp. Biol. 8(4) (2012).
 25. Ryba, T. et al. Evolutionarily conserved replication timing profiles predict long-range chromatin interactions and distinguish closely 
related cell types. Genome Res. 20(6), 761–770 (2010).
 26. Boulos, R. E., Drillon, G., Argoul, F., Arneodo, A. & Audit, B. Structural organization of human replication timing domains. FEBS 
Lett. 589(20), 2944–2957 (2015).
 27. Boulos, R. E. et al. From the chromatin interaction network to the organization of the human genome into replication N/Udomains. 
New J. Phys. 16(11), 115014 (2014).
 28. Julienne, H., Zouffr, A., Audit, B. & Arneodo, A. Human Genome Replication Proceeds through Four Chromatin States. PLoS Comp. 
Biol., 9(10) (2013).
 29. Boulos, R. E., Arneodo, A., Jensen, P. & Audit, B. Revealing Long-Range Interconnected Hubs in Human Chromatin Interaction 
Data Using Graph Theory. Phys. Rev. Lett. 111, 118102 (2013).
 30. Ramachandran, S. & Henikoff, S. Replicating nucleosomes. Sci. Adv. 1(7), e1500587–e1500587 (2015).
 31. Zentner, G. E. & Henikoff, S. Regulation of nucleosome dynamics by histone modifications. Nat. Struct. Mol. Biol. 20(3), 259–66 
(2013).
 32. Probst, A. V., Dunleavy, E. & Almouzni, G. Epigenetic inheritance during the cell cycle. Nat. Rev. Mol. Cell. Biol. 10(3), 192–206 
(2009).
 33. Saksouk, N., Simboeck, E. & Dffejardin, J. Constitutive heterochromatin formation and transcription in mammals. Epigenetics 
Chromatin 8(3), 3 (2015).
 34. Sexton, T. et al. Three-Dimensional Folding and Functional Organization Principles of the Drosophila Genome. Cell 148(3), 
458–472 (2012).
 35. Filion, G. J. et al. Systematic protein location mapping reveals five principal chromatin types in Drosophila cells. Cell 143(2), 212–24 
(2010).
 36. Nagano, T. et al. Single-cell Hi-C reveals cell-to-cell variability in chromosome structure. Nature 502(7469), 59–64 (2013).
 37. Nagano, T. et al. Cell cycle dynamics of chromosomal organisation at single-cell resolution. bioRxiv (2016).
 38. Yamanaka, S. Strategies and New Developments in the Generation of Patient-Specific Pluripotent Stem Cells. Cell Stem Cell 1(1), 
39–49 (2007).
 39. Talbert, P. B. & Henikoff, S. Spreading of silent chromatin: inaction at a distance. Nat. Rev. Genet. 7(10), 793–803 (2006).
 40. Willyard, C. A new twist on epigenetics. Nature 542, 406 (2017).
 41. Müuller, M. M., Fierz, B., Bittova, L., Liszczak, G. & Muir, T. W. A two-state activation mechanism controls the histone 
methyltransferase Suv39h1. Nat. Chem. Biol. 12(3), 188–193 (2016).
 42. Lachner, M., O’Carroll, D., Rea, S., Mechtler, K. & Jenuwein, T. Methylation of histone H3 lysine 9 creates a binding site for HP1 
proteins. Nature 410(6824), 116–20 (2001).
 43. Hiragami-Hamada, K. et al. Dynamic and exible H3K9me3 bridging via HP1β dimerization establishes a plastic state of condensed 
chromatin. Nat. Commun. 7, 11310 (2016).
www.nature.com/scientificreports/
1 1Scientific RepoRts | 7: 14642  | DOI:10.1038/s41598-017-13916-w
 44. Kilic, S., Bachmann, A. L., Bryan, L. C. & Fierz, B. Multivalency governs HP1β association dynamics with the silent chromatin state. 
Nat. Commun. 6, 7313 (2015).
 45. Canzio, D., Larson, A. & Narlikar, G. J. Mechanisms of functional promiscuity by HP1 proteins. Trends Cell Biol. 24(6), 377–386 
(2014).
 46. Al-Sady, B., Madhani, H. D. & Narlikar, G. J. Division of labor between the chromodomains of HP1 and Suv39 methylase enables 
coordination of heterochromatin spread. Mol. Cell 51(1), 80–91 (2013).
 47. Dodd, I. B., Micheelsen, M. a., Sneppen, K. & Thon, G. Theoretical Analysis of Epigenetic. Cell Memory by Nucleosome Modification. 
Cell 129(4), 813–822 (2007).
 48. Dodd, I. B. & Sneppen, K. Barriers and silencers: A theoretical toolkit for control and containment of nucleosome-based epigenetic 
states. J. Mol. Biol. 414(4), 624–637 (2011).
 49. Michieletto, D., Orlandini, E. & Marenduzzo, D. A Polymer Model with Epigenetic Recolouring Reveals a Pathway for the de novo 
Establishment and 3D Organisation of Chromatin Domains. Phys. Rev. X 6, 041047 (2016).
 50. Kruithof, M. et al. Single-molecule force spectroscopy reveals a highly compliant helical folding for the 30-nm chromatin fiber. Nat. 
Struct. Mol. Biol. 16(5), 534–40 (2009).
 51. Meng, H., Andresen, K. & Van Noort, J. Quantitative analysis of single-molecule force spectroscopy on folded chromatin fibers. 
Nucleic Acids Res. 43(7), 3578–3590 (2015).
 52. Cui, Y. & Bustamante, C. Pulling a single chromatin fiber reveals the forces that maintain its higher-order structure. Proc. Nat. Acad. 
Sci. USA. 97(1), 127–132 (2000).
 53. Kanke, M., Tahara, E., Huis, P. J. & Nishiyama, T. Cohesin acetylation and Wapl-Pds 5 oppositely regulate translocation of cohesin 
along DNA. EMBO J., pp. 1–13 (2016).
 54. Stigler, J., Camdere, G. Ö., Koshland, D. E. & Greene, E. C. Single-Molecule Imaging Reveals a Collapsed Conformational State for 
DNA-Bound Cohesin. Cell Rep. 15(5), 988 (2016).
 55. Canzio, D. et al. A conformational switch in HP1 releases auto-inhibition to drive heterochromatin assembly. Nature 496(7445), 
377–81 (2013).
 56. Angel, A., Song, J., Dean, C. & Howard, M. A Polycomb-based switch underlying quantitative epigenetic memory. Nature 476(7358), 
105–108 (2011).
 57. Laprell, F., Finkl, K. & Müller, J. Propagation of Polycomb-repressed chromatin requires sequence-specific recruitment to DNA. 
Science (80-.) 8266, eaai8266 (2017).
 58. Ciabrelli, F. et al. Stable Polycomb-dependent transgenerational inheritance of chromatin states in Drosophila. Nat. Genet. (March) 
(2017).
 59. Thoma, F., Koller, T. & Klug, A. Involvement ofhistone H1 in the organization of the nucleosome and of thesalt-dependent 
superstructures ofchromatin. J. Cell. Biol 83(November), 403–427 (1979).
 60. Widom, J. & Klug, A. Structure of the 3000 nAA chromatin filament: X-ray diffraction from oriented samples. Cell 43(1), 207–213 
(1985).
 61. Robinson, P. J. J., Fairall, L., Huynh, V. A. T. & Rhodes, D. EM measurements define the dimensions of the “30-nm” chromatin fiber: 
evidence for a compact, interdigitated structure. Proc. Nat. Acad. Sci. USA 103(17), 6506–11 (2006).
 62. Roudier, F. et al. Integrative epigenomic mapping defines four main chromatin states in Arabidopsis. EMBO J. 30(10), 1928–1938 
(2011).
 63. Liu, T. et al. Broad chromosomal domains of histone modi-fication patterns in C. elegans.pdf. Genome Res. 21, 227–236 (2011).
 64. Julienne, H., Zoufir, A., Audit, B. & Arneodo, A. Epigenetic regulation of the human genome: coherence between promoter activity 
and large-scale chromatin environment. Front. Life Sci. 7(1–2), 44–62 (2013).
 65. Extending our model to account for more colours (histone marks) do not change the qualitative behaviour of the system.
 66. Garel, T., Orland, H. & Orlandini, E. Phase diagram of magnetic polymers. EPJ B 268, 261–268 (1999).
 67. Adams, C. C. The knot book: An elementary introduction to the mathematical theory of knots,WH Freeman and Company (New 
York) (1994).
 68. Tubiana, L., Orlandini, E. & Micheletti, C. Probing the Entanglement and Locating Knots in Ring Polymers: A Comparative Study 
of Different Arc Closure Schemes. Prog. Theor. Phys. Suppl. 191(191), 192–204 (2011).
 69. Grassberger, P. & Hsu, H.-P. Stretched polymers in poor solvent. Phys. Rev. E 65, 031807 (2002).
 70. Marenduzzo, D., Maritan, A., Rosa, A. & Seno, F. Stretching of a polymer below the θ point. Phys. Rev. Lett. 90, 088301 (2003).
 71. Gottschling, D. E., Aparicio, O. M., Billington, B. L. & Zakian, V. A. Position effect at S. cerevisiae telomeres: Reversible repression 
of Pol II transcription. Cell 63(4), 751–762 (1990).
 72. Baur, J. A., Zou, Y., Shay, J. W. & Wright, W. E. Telomere position effect in human cells. Science (80-.) 292(5524), 2075–7 (2001).
 73. Trefz, B., Siebert, J. & Virnau, P. How molecular knots can pass through each other. Proc. Natl. Acad. Sci. USA 111(22), 7948–51 
(2014).
 74. Farago, O., Kantor, Y. & Kardar, M. Pulling knotted polymers. EPL (Europhysics Letters) 60(1), 53 (2002).
 75. Caraglio, M., Micheletti, C. & Orlandini, E. Stretching response of knotted and unknotted polymer chains. Physical review letters 
115(18), 188301 (2015).
 76. Arai, Y. et al. Tying a molecular knot with optical tweezers. Nature 399(6735), 446–448 (1999).
 77. Bao, X. R., Lee, H. J. & Quake, S. R. Behavior of complex knots in single DNA molecules. Phys. Rev. Lett. 91(26 Pt 1), 265506 (2003).
 78. Liu, D., Chen, G., Akhter, U., Cronin, T. M. & Weizmann, Y. Creating complex molecular topologies by conffguring DNA four-way 
junctions. Nature Chemistry (2016).
 79. Brackley, C. A., Allan, J., Keszenman-Pereyra, D. & Marenduzzo, D. Topological constraints strongly affect chromatin reconstitution 
in silico. Nucleic Acids Res. 43(1), 63–73 (2015).
 80. Chen, B. G.-g, Upadhyaya, N. & Vitelli, V. Nonlinear conduction via solitons in a topological mechanical insulator. Proc. Nat. Acad. 
Sci. USA 111(36), 13004–13009 (2014).
 81. Machon, T., Alexander, G. P., Goldstein, R. E. & Pesci, A. I. Instabilities and Solitons in Minimal Strips. Phys. Rev. Lett. 017801(1), 
1–7 (2016).
 82. Di Stefano, M., Tubiana, L., Di Ventra, M. & Micheletti, C. Driving knots on DNA with AC/DC electric fields: topological friction 
and memory effects. Soft Matter 10(34), 6491–6498 (2014).
 83. Matthews, R., Louis, A. & Yeomans, J. Effect of topology on dynamics of knots in polymers under tension. EPL (Europhysics Letters) 
89(2), 20001 (2010).
 84. Barth, T. K. & Imhof, A. Fast signals and slow marks: the dynamics of histone modifications. Trends Biochem. Sci. 35(11), 618–626 
(2010).
 85. Yardimci, H., Loveland, A. B., van Oijen, A. M. & Walter, J. C. Single-molecule analysis of DNA replication in Xenopus egg extracts. 
Methods 57(2), 179–186 (2012).
 86. Huang, B., Wang, W., Bates, M. & Zhuang, X. Three-dimensional super-resolution imaging by stochastic optical reconstruction 
microscopy. Science 319(5864), 810–813 (2008).
 87. Rotem, A. et al. Single-cell ChIP-seq reveals cell subpopulations defined by chromatin state. Nat. Biotechnol. 33(11), 1165–72 (2015).
 88. Van Den Broek, B. et al. Visualizing the formation and collapse of DNA toroids. Biophys J. 98(9), 1902–1910 (2010).
 89. Kremer, K. & Grest, G. S. Dynamics of entangled linear polymer melts: A molecular-dynamics simulation. J. Chem. Phys. 92(8), 5057 
(1990).
www.nature.com/scientificreports/
1 2Scientific RepoRts | 7: 14642  | DOI:10.1038/s41598-017-13916-w
 90. Frenkel, D. & Smit, B. Understanding molecular simulation: from algorithms to applications, Academic Press (2001).
 91. Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comp. Phys. 117(1), 1–19 (1995).
Acknowledgements
We acknowledge ERC for funding (Consolidator Grant THREEDCELLPHYSICS, Ref. 648050). The authors 
would like to thank Nick Gilbert and Jim Allan for insightful discussions and useful remarks on the manuscript.
Author Contributions
All authors conceived the research. D.Mi. performed the simulations and analysed the data. All authors wrote and 
reviewed the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13916-w.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
